Nanos is expressed in the primordial germ cells (PGCs) and also the germ cells of a variety of organisms as diverse as Drosophila, medaka fish, Xenopus and mouse. In Nanos3-deficient mice, PGCs fail to incorporate into the gonad and the size of the testis and ovary is thereby dramatically reduced. To elucidate the role of Nanos in an amphibian species, we cloned Nanos3 cDNA from the testis of the R. rugosa frog. RT-PCR analysis showed strong expression of Nanos3 mRNA in the testis of adult R. rugosa frogs, but expression was not sexually dimorphic during gonadal differentiation.
| INTRODUCTION
Nanos, encoding an RNA-binding zinc finger protein, was first identified as a maternal effect gene in Drosophila (Wang & Lehmann, 1991) . Maternal Nanos transcripts are observed in the posterior region of the early Drosophila embryo where the germ granules reside and play a critical role in germ cell development. In Nanos-deficient Drosophila embryos, PGCs fail to incorporate into the gonad and do not become functional germ cells (Kobayashi, Yamada, Asaoka, & Kitamura, 1996) . To date, Nanos-related genes have been cloned from many species such as leech (Pilon & Weisblat, 1997) , C. elegans (Subramaniam et al., 1999) , zebrafish (Köprunner, Thisse, Thisse, & Raz, 2001) , Xenopus (Mosquera, Forristall, Zhou, & King, 1993) and mouse (Tsuda et al., 2003) . In leech, Nanos plays a role in the decision between ectodermal and mesodermal fate determination. In Morpholino-knockdown embryos of Helobdella robusta, embryoniclethal abnormalities are observed in the distribution of micromeres during cleavage (Agee, Lyons, & Weisblat, 2006) . Nanos1 is expressed in the germ plasm and in the primordial germ cells (PGCs) of zebrafish, where it plays an essential role in ensuring proper migration and survival of PGCs in embryos of this species (Köprunner et al., 2001 ). In Nanos1-depleted Xenopus embryos, the number of PGCs was dramatically decreased in the gonad (Lai, Singh, & King, 2012) .
To preserve the germline in Xenopus, Nanos1 functions to repress the translation of RNAs that normally specify endoderm and promote apoptosis, (Lai et al., 2012) . In mice, Nanos1, 2 and 3 genes have been isolated (Tsuda et al., 2003) . Disruption of Nanos1 had no effect on germ cell development. For Nanos2, predominantly expressed in male germ cells, knockout mouse germ cells are completely lost from the testis but not ovary. Nanos3 is found in migrating PGCs, and in Nanos3-null mice germ cells disappeared completely from both ovary and testis. Hence, there may be a conserved function for Nanos in non-vertebrates and vertebrates. We isolated the Nanos3 gene from the adult testis of the Rana (R.) rugosa frog to examine its role in this species. Here we report that a Nanos3 functionally is conserved between amphibian and vertebrate.
| Animals
Female heterogametic (ZZ/ZW) R. rugosa frogs were used in this study. Unfertilized eggs were artificially ovulated and inseminated (Yokoyama et al., 2009) . Fertilized eggs were dejellied with 2% (w/v) cysteine in 0.1 × MMR (1 × MMR: 100 mmol/L NaCl, 2 mmol/L KCl, 1 mmol/L MgSO4, 2 mmol/L CaCl2, 5 mmol/L HEPES, pH 7.6). The eggs were developed to tadpoles at various developmental stages and frogs just after metamorphosis; they were staged by criteria described elsewhere (Fujii et al., 2014) . The sex of tadpoles was determined as reported previously (Oike et al., 2017) .
| Molecular cloning of the Nanos3 gene from R. rugosa
Total RNA was prepared from the testes of adult R. rugosa frogs according to Yokoyama et al. (2009) and used to isolate R. rugosa Nanos3 cDNA. To isolate the cDNA, we designed a pair of degenerate primers (forward, 5′-TGYIIITTYTGYVRRMRBAAYRRVGAR -3′ and reverse, 5′-BGGRCARWASYKIMKIGTRTGIGC-3′), based on the known nucleotide sequences of Nanos cDNAs from human (Gen Bank Accession No. NM_001098622), mouse (NM_194059), medaka fish (NM_001122828), Xenopus (NM_001088034) and Drosophila (NM_001275794). We obtained a partial nucleotide sequence (159-bp) and then, to isolate the full-length R. rugosa Nanos cDNA, we used 5′-and 3′-RACE. For 5′-RACE, we designed SP1, SP2, SP3 and oligo dG anchor primers, based on the partial nucleotide sequence of the Nanos cDNA. Using the SP1 (5′-TTGCAGTCT TATAGACCGAGGTG-3′), SP2 (5′-GAATCTCCTTGTGTGAGCTTTG TC-3′), SP3 (5′-GTGGACAAGTGTAGGATCTGAGGA-3′), and oligo dG anchor (5′-AGTTACGCTAGGGATAACAGGGTAATATAGGGGII GGGIIGGGIIG-3) primers, the nucleotide sequence was extended 341-bp upstream of the Nanos cDNA fragment. The DNA fragments were inserted into a pTAC2 vector (BioDynamics Laboratory Inc., Tokyo, Japan) and sequenced using an automated DNA sequencer (3100-Avant Genetic Analyzer, Thermo Fisher Scientific K.K., Yokohama, Japan). For 3′-RACE, a set of primers was used (forward, 5′-CGGGAAGGTAACATTTTCTGCC-3′ and reverse, 5′-A GTTACGCTAGGGATAACAGGGTAATATAGTTTTTTTTTTTTTTTTT T-3′). After the DNA fragment (286-bp) had been obtained by 3′-RACE, it was sub-cloned into the pTAC2 vector and sequenced. The full-length Nanos cDNA was 626-bp in size.
| Analysis of Nanos3 expression
Nanos3 expression during gonadal differentiation was examined by PCR.
We prepared total RNA from the gonad/mesonephros complex of tadpoles 1-4 weeks after they had reached stage 25, as well as at stages I, III and V and from adult tissues. PCR consisted of 4 min at 94°C, followed by 37 cycles for Nanos3 (GenBank Accession No. LC218725), and 26 cycles for GA3PDH (AB284116) of 94°C (30 s), 65°C (30 s) and 72°C (30 s).
The primers used for RT-PCR analysis were as follows:
Nanos3
Forward 5′-CGGGAAGGTAACATTTTCTGCC-3′
| Immunohistology
We prepared an antibody to Vasa, a protein specific to germ cells in a variety of animals that can be used as a marker (Saotome, Hayashi, Adachi, Nakamura, & Nakamura, 2010 OLYMPUS, Tokyo, Japan).
| In situ hybridization
In situ hybridization was carried out as described elsewhere ( 
| 3D Imaging
To produce three dimensional (3D) views, we prepared 48 and 26 serial frozen sections from the Wt and Nanos3-KO gonads of tadpoles at St.
25-1W, respectively, stained for Vasa, and counterstained with DAPI.
We used two programs: ImageJ ver. 
| Statistics
Data are represented as the mean ± SE. Differences (p < .05) determined using one-way ANOVA, were considered statistically significant.
| Image acquisition and analysis
Images were scanned and adjusted for brightness and contrast by Adobe Photoshop CS2.
| RESULTS

| Population of germ cells during early developmental stages
Vasa protein, which is expressed in germ cells and retained as a maternal factor, is known to be a specific germ cell marker in a variety of species such as Drosophila (Hay, January, & January, 1988) , zebrafish (Olsen, Aasland, & Fjose, 1997) , Xenopus (Komiya, Itoh, Ikenishi, & Furusawa, 1994) , R. rugosa (Saotome, Hayashi, et al., 2010 ) and mice (Fujiwara et al., 1994 
| Isolation of Nanos3 cDNA
The Nanos3 Nanos3 (NP_001116300; 29%), mouse Nanos3 (NP_918948; 26%) and human Nanos3 (NP_001092092; 30%). However, the R. rugosa Nanos3 zinc finger motif (Zf-nanos; 52 amino acids) was more highly conserved (between 56% and 58%) with other species (Figure 2b ).
Using a phylogenetic tree constructed by ClustalW (www.genome.
jp/tools/clustalw/) based on the amino acid sequence of the Zfnanos, R. rugosa Nanos3 was clustered with the Nanos3 group (Figure 2c ).
| Nanos3 expression
PCR analysis revealed that among eight different adult tissues examined the level of Nanos3 mRNA was highest in the testis, and weakest in lung and kidney (Figure 3a) . The phenotypic sex of R. rugosa tadpoles is known to be determined between St. 25-1W (1 week after tadpoles reach St. 25) and -2W (Saotome, Isomura, et al., 2010) . Examination of Nanos3 expression in differentiating gonads of tadpoles before, during and after sex determination revealed expression without sexual dimorphism at each of the stages examined (Figure 3b) . 
| In situ hybridization of Nanos3
Whole-mount in situ hybridization analysis revealed that the Nanos3 
| Nanos3 gene mutagenesis
To elucidate the role of Nanos3 in R. rugosa frogs, we aimed to produce Nanos3-KO tadpoles by injecting gRNA/Cas9 mRNA into fertilized eggs in which we have disrupted the Zf-nanos of the Nanos3 gene by frame-shift mutation ( Figure S1 ). We have shown the results at the amino acid level from a male and female tadpole at St. 25-1W injected with Cas9 mRNA together with gRNA ( Figure S1 ). Two targeting sites of 20 nucleotides for Nanos3 mutagenesis are shown in Figure 5a . We injected gRNA1 or gRNA2/Cas9 mRNA into 521 and 686 fertilized eggs, respectively. MMR buffer was also injected into 1124 eggs as placebo control. For gRNA1 and gRNA2 injections, 79% and 63% of embryos appeared normal, respectively; 21% and 37% of embryos were abnormal (deformed; Figure 5b ,c). In the placebo control, 97%
of embryos appeared normal and 3% were abnormal (Figure 5b ,c).
Mutation rates were 50%-100% among 8 to 13 clones/embryo that were sequenced. When we investigated genotypes and mutation rates of the Nanos3 in abnormal and normal shaped tadpoles, we could not observe any difference in the rates between both the types of tadpoles. In this study, we aimed to produce Nanos3-KO tadpoles F I G U R E 3 Nanos3 expression. (a) Nanos3 expression in various tissues. Total RNA was prepared from eight different tissues of adult frogs for PCR analysis. The PCR products were electrophoresed on 4.5% acrylamide gel and the gels were stained in ethidium bromide to visualize bands. (b) Nanos3 expression in the gonad at various developmental stages. We examined Nanos3 mRNA levels in male and female gonads. Total RNA was prepared from gonad/mesonephros complexes of male (♂) and female (♀) tadpoles at St.25-1W to -4W, and from gonads at St. I, III, and V
F I G U R E 4
In situ hybridization analysis of Rana rugosa Nanos3 expression. In situ hybridization analysis was performed using whole tissues and frozen sections (10 μm) from testes (a-e) and ovaries (f-j) of tadpoles at St. XV. Sections were stained for Vasa (d,i), and counterstained with DAPI (e, j). Nanos3 mRNA expression was examined by whole-mount (a and f) and in sections from whole-mount tissues (b, c, g and h). a and f, bar = 400 μm and others, bar = 10 μm by the CRISPR/Cas9 system, but could not obtain Nanos3 mutated tadpoles with 100% deficiency. Thus, we called these mutated tadpoles "Nanos3 knockdown (KD) tadpoles," although the tadpoles were not homozygous.
| Immunohistology of Nanos3-KD gonad
We prepared frozen sections of gonads from wild-type (Wt) and 
| Population of PGCs in Nanos3-KD gonad
We counted the total number of germ cells in the gonads of Wt and (26, 28, 30 and 32) and laminin (brown; 25, 27, 29 and 31) . KD embryos in this figure were the same as the ones whose genome sequences are reported in Figure S1 . Gonads are indicated by dotted lines. G, gonad and O, ovarian cavity. Bar = 50 μm the Nanos3-KD gonads (Wt vs Nanos3-KD, *p < .05; Figure 7 ). In the 
| DISCUSSION
In this study we cloned the Nanos3 cDNA from the testes of the frog R. rugosa. Nanos has been found in a variety of animals and vertebrates such as medaka fish (Kurokawa et al., 2006) , Xenopus (Mosquera et al., 1993) , mouse (Tsuda et al., 2003) and human (Jaruzelska et al., 2003) .
Nanos1, 2 and 3 have been found in medaka fish, mouse and human;
Nanos1 in Xenopus and Nanos3 in R. rugosa.
In medaka fish, a eukaryotic translation initiation factor 4E-binding protein (Ol4E-T) interacts with Nanos3 and Vasa (Zhao et al., 2013) . As mentioned earlier, Vasa protein is a germ cell marker. Thus, Ol4E-T together with Nanos3 likely plays a role in germ-line development in this fish. In Nanos1-null mice, PGCs develop as usual and spermatogenesis in the testis and oogenesis in the ovary proceed normally (Tsuda et al., 2003) . In Nanos2-null mice, germ cells differentiate normally in the ovary, but are not observed in the testis (Tsuda et al., 2003) . Nanos3 is expressed in the PGCs of the bipotential gonads of male mice. In Nanos3-null mice, ovaries and testes are both dramatically reduced in size and germ cells are absent. While the specification and derivation of PGCs is normal in Nanos3-deficient mice, the PGCs are not maintained during migration as they are in Wt embryos. In addition, ovaries and testes were greatly decreased in size (the weight of the testis was reduced to about 30% of Wt; Tsuda et al., 2003) . Based on these results, we conclude that Nanos3 maintains PGCs by supporting their proliferation and/or by suppression of cell death (Tsuda et al., 2003) .
Thus, Nanos3 protein plays a role in development of germ cells in fish and mammals. (Saotome, Isomura, et al., 2010) , which is coincident with the period of exponential proliferation of germ cells in the gonad. This is compatible with the results from Drosophila in which Nanos protein suppresses proliferation of PGCs before their arrival at the gonads (Kobayashi et al., 1996) . Number of germ cells increased more in the number in the female than in the male gonad of R. rugosa after St. 25-4W, indicating that germ cells in the female gonad enter into meiosis. This is also observed in medaka fish (Matsuda et al., 2007) .
Nanos3 is expressed in germ cells in both the testis and ovary of R. rugosa as in mouse (Tsuda et al., 2003) . In Nanos3-KD tadpoles produced by the CRISPR/Cas9 system, the number of germ cells was decreased in both the ovary and testis, resulting in a dramatic reduction in size of both. In Nanos3-KD tadpoles, the number of Vasa-positive germ cells was significantly reduced at St. 25-1W
and thereafter. As shown in Figure 6a , germ cells have become incorporated into both the Wt testis and ovary by St. 25-1W. On the other hand, germ cells were found in the gut of Nanos3-KD R. rugosa tadpoles, which agrees with observations made in Drosophila (Kobayashi et al., 1996) . A function for Nanos protein in Drosophila germ-line formation is associated with the germ plasm (Kobayashi et al., 1996) . We found Vasa-positive cytoplasm around the vegetable pole in fertilized eggs of R. rugosa (data not shown), an indication that Nanos3 protein may function in germ-line formation in this frog as well. However, we do not know at present whether the specification and derivation of PGCs is normal in Nanos3-KD R. rugosa. Moreover, PGCs were not completely lost in the Nanos3-KD gonad, while no germ cells were observed in either the testis or ovary of Nanos3-null mice. Nanos3 may not have been completely disrupted in Nanos3-KD R. rugosa. It may also be possible that if this frog carries the Nanos1 and 2 genes, these genes could compensate for Nanos3-KD. Nevertheless, it seems very likely that the role of Nanos3 in germ cell development is conserved among species of amphibian and mammal. In Xenopus, Nanos1 associates with cyclin B1
RNA in vivo. This protein is available to repress mRNAs while PGCs are in the endoderm, but is not observed in PGCs after this stage (Lai, Zhou, Luo, Fox, & King, 2011 
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